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Abstract—this paper presents a novel design of a Powered 
Caster Wheel (PCW) that decouples the steering and rolling 
motions. The working principles and mechanical design of the 
PCW are introduced in details. Kinematic modeling, trajectory 
planning and control algorithms are derived for PCW-based 
omnidirectional mobile platforms. To demonstrate the new PCW 
design, a PCW prototype has been developed and an 
omnidirectional mobile platform based on the decoupled PCW 
has also been constructed and tested. 
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I. INTRODUCTION 


Omnidirectional wheeled mobile platforms have the ability 
to move in any direction regardless of the current pose so that 
they are widely employed to perform tasks in narrow and 
congested environment. To construct an omni-directional 
wheeled mobile platform, three types of driving wheels can be 
employed [1], i.e., the Mecanum wheel, the ball wheel, and the 
powered caster wheel (PCW). The Mecanum wheel (Fig. 1(a)) 
consists of a drum with a plurality of idle rollers located on its 
periphery, as disclosed by Fuchs [2]. Since all axes of the idle 
roller are skewed with respect to the axis of the drum, the 
Mecanum wheel can allow any directional motions when the 
wheel drum is actively rotating. The ball wheel (Fig. 1 (b)) has 
a spherical geometry that can actively move in any direction, as 
proposed by West [3], Pin [4], and Wada [5]. The PCW (Fig. 
1(c)) is basically a motorized caster wheel that can create both 
steering and rolling motions, as proposed by Holmberg and 
Khatib [6]. 


Ca) (b) (c) 


Figure 1: Three types of driving wheels for omnidirectional 
mobile platform 


The Mecanum wheel has the drawback of discontinuous 
wheel contact points, which is also a great source of vibration 
[6, 7]. It also has low driving efficiency due to the significant 
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passive rotations of the idle rollers, which is unavoidable for a 
mobile platform with Mecanum wheels during its steering and 
side-way motions. 


The ball wheel is difficult to implement, as it is not possible 
to place an axel through the ball without sacrificing its 
omnidirectional motion capability. Instead, the driving 
mechanisms are directly placed on the ball wheel. However, as 
there is no effective way to prevent the wheel from collecting 
dust and dirt from the floor, the driving mechanisms always 
have poor working conditions. Furthermore, it is also difficult 
to uniformly drive the ball wheel to move in an arbitrary 
direction. 


Among the three types of wheels, the PCW is the simplest 
and most efficient wheel design for a mobile platform to 
achieve omnidirectional motions [8]. Holmberg and Slater 
disclosed a PCW design (as shown in Fig. 2)[9], which has 
been widely accepted for various omni-directional mobile 
platforms to provide full mobility and agility. However, there 
is a major problem in this PCW design, i.e., the coupling effect 
between the steering and rolling motions of the wheel such that 
the steering motion will always generate a parasitic rolling 
motion. Although a control technique can be employed to 
overcome this coupling effect, the control errors always exist. 
As a result, the slip and slid phenomenon is significant in both 
longitudinal and lateral directions. 


Figure 2: A patented PCW module for mnidirectional 
mobile platforms [9] 


To overcome the drawback of the existing PCW, a novel 
decoupled PCW design is proposed in this paper. By 


introducing a 2-DOF planetary gear set between the driving 
and steering motors, the steering motor provides an additional 
motion to the power transmission chain of rolling motion, 
which eventually removes the parasitic motion induced by the 
steering motion of wheel. 


This paper is organized as follows: the working principle 
and design of the decoupled PCW is introduced in Section I; 
the kinematic modeling, trajectory planning and motion 
control methods of a PCW based omnidirectional mobile 
platform are presented in Section IH; the paper is summarized 
in Section IV. 


II. |. DECOUPLED POWERED CASTER WHEEL DESIGN 


A. Working Principle 


As shown in Fig. 3, a decoupled PCW design is proposed 
so that the rolling and steering motions of the wheel can be 
independently and precisely controlled by the driving motor 
and steering motor, respectively [10]. Its working principle is 
described as follows. 
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Figure 3: Schematic drawing of the decoupled powered 
caster wheel design [10] 


The steering motion of the wheel is independently driven 


by the steering motor with the following transmission sequence: 


Steering Motor (Pulley 5) = Pulley 6 (Wheel Frame) > 
Steering motion. However, if Bevel Gear 1 does not rotate at 
the same speed of the Wheel Frame, the Bevel Gear 2 will 
rotate as its axle is fixed on the Wheel Frame. For the 
conventional PCW design, Bevel Gear 1 is independently 
controlled by the Driving Motor such that when the driving 
motor is locked, Bevel Gear 1 will not move. Hence, an 
additional rolling motion of the wheel will be created when the 
Wheel Frame rotates during the steering motion of the wheel. 


In this design, the steering motor is also connected to the 
Bevel Gear 1 through a 2-DOF planetary gear set with the 


following transmission sequence: Steering Motor (Pulley 3) > 
Pulley 4 (Ring Gear) > Carrier (Bevel Gear 1). By choosing a 
proper gear ratio for this power transmission chain, the 
additional motion input to Bevel Gear 1 by the steering motor 
can fully remove the parasitic rolling motion induced by the 
steering motion of the wheel. 


The rolling motion the wheel is driven by the Driving 
Motor with the following transmission sequence: Driving 
Motor (Pulley 1) > Pulley 2 (Sun Gear) => Carrier (Bevel 
Gear 1) > Bevel Gear 2 (Pulley 7) > Pulley 8 (Wheel) > 
Rolling motion. Although the steering motor provides an 
additional motion input to Bevel Gear 1, it is only utilized to 
remove the parasitic rolling motion. Through such a novel 
PCW design, the rolling and steering motions can be 
independently and precisely controlled by the driving motor 
and steering motor, respectively. 


B. Design Analysis 


The major purpose of the decoupled PCW design analysis 
is to determine the require gear ratios for its rolling and 
steering transmission chains. To facilitate the description of the 
design analysis, the following nomenclatures are adopted: 


e ,— the input angular velocity of the driving motor 
e œ -the input angular velocity of the steering motor 


© @,, — the output angular velocity of the rolling motion 
of the wheel 


© @, s— the output angular velocity of the steering motion 
of the wheel 


e ,; — the angular velocity of the rolling motion of the 
wheel induced by the steering motion 

© = Wsun — the angular velocity of the sun gear 

© ng- the angular velocity of the ring gear 


© Warrier — the angular velocity of the carrier 


e in 2o the gear ratio of the pulley-belt set 1 where 


Zpı and z, represent the teeth numbers of pulleys 1 and 
2, respectively. 
e ip = a the gear ratio of the pulley-belt set 2 where 
p3 
Z,3 and Z,4 represent the teeth numbers of pulleys 3 and 
4, respectively. 
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e 1p = 5 


— the gear ratio of the pulley-belt set 3 where 


ps 
Zps and z,5 represent the teeth numbers of pulleys 5 and 
6, respectively. 
© ing = = _ the gear ratio of the pulley-belt set 4 where 
Zp7 
Zp7 and z,g represent the teeth numbers of pulleys 7 and 
8, respectively. 


à Z 
e i= b2 


nF the gear ratio of the bevel-gear set where Zp) 
1 


and Z» represent the teeth numbers of bevel gears 1 and 
2, respectively. 


° o=% — the characteristic parameter of the planetary- 


gear set where z, and z, represent the teeth numbers of 
ring gear and sun gear, respectively. 


As shown in Fig. 3, the output angular velocity of the 
steering motion Wy, is given by: 


Ws 
Wws = 


(1) 

Equation (1) indicates that the steering motion only 
depends on the motion of the steering motor. However, the 
steering motion will induce an additional rolling motion wys, 
which is written as: 


ip3 


Ws 


Wrs = — ipalbipā (2) 
For the planetary gear set, the angular velocity relationship 
among the sun gear (Osun), the ring gear (@,ing), and the carrier 


(Mearrier) is as follows: 
Wsun + AWring — Ch a } carrier = 0 (3) 
d w 


w s 4 
AS Osun = — and wring = —, it yields 
lp1 lp2 


Oy, as 


Hoe (4) 


(+æ) 


Wcarier = 


Therefore, the output angular velocity of the rolling motion 
of the wheel is given by: 


— Qearrier 
Ovr ~~ ining + O,, 
Oy aos 
— ipl ip Ys 
C+aæ)isip4  ip3ibip4 (5) 
7 é [ai,3-(1+0)ip210, 
C+ Q)igipiipa C+ Q)isipaipsina 


Equation (5) indicates that the resultant rolling motion of 
the wheel depends on the motion inputs from both the driving 
motor and the steering motor. However, the rolling motion will 
be decoupled from the motion input of the steering motor when 
the following condition is satisfied: 


Aly; _ (1 + a)ip2 =0 (6) 
Rearranging Eq. (4), it yields: 
— _'p2 
Ta ips—ip2 


From Eq. (7), it can be depicted that if the values of a, ip2, 
and i,3 are appropriately selected to make Eq. (5) valid, the 
rolling motion will be decoupled from the motion input of the 
steering motor. In other words, to achieve decoupled motion 
characteristics for the PCW, only one equation, i.e., Eq. (7) 
needs to be satisfied, which involves three kinematic 
parameters. Therefore, the PCW design possesses high 


flexibility for performance optimization by adjusting the three 
independent parameters. 


When Eq. (7) is satisfied, the output angular velocity of the 
rolling motion is given by: 
Or 


Wwr = —— 
WY (1+a)ipipripa 


(8) 


C. Mechanical Design 


Based on the kinematic diagram (as shown in Fig. 3) as 
well as the kinematic formulations presented above, a typical 
mechanical design of the decoupled powered caster wheel has 
been completed. Figure 4 shows the front, left and back views 
of the powered caster wheel design, respectively. The selected 
design parameters are listed in Table 1. Based on Eqs. (1) and 
(8), the gear ratios for the steering and rolling transmission 
chains are 4 and 8, respectively. 


Figure 4: Mechanical design of the decoupled PCW 


Table 1: Design parameters of the decoupled PCW 


Design Parameters Values 
i pl 2 
i p2 3 
i p3 4 
ina 1 
i b 1 
a 3 


To valid the design and performance of the proposed 
decoupled PCW, a research prototype has been developed as 
shown in Fig. 5. To simplify the control scheme, smart motors 
from Animatics SmartMotor™[12], which has integrated 
driver and controller, have been employed in the prototype 
development. 


Figure 5: Prototype of the decoupled PCW module 


D. Advantages of the Decoupled PCW design 


The advantages of the novel decoupled PCW design are 

summarized as follows: 

e It is capable of performing decoupled rolling and steering 
motions with two independently controlled motors. 

e It has the merits of simplified control scheme and reduced 
the slip and slid motions. 

e It allows the two driving motors to be mounted onto the 
base so to simplify the wiring scheme. 

e = It has the flexibility to adjust the kinematic parameters so 
to achieve optimized performance. 

e The mechanical design of the decoupled PCW employs a 
number of pulley-belt drives, which is able to reduce the 
vibration of system. It also offers the advantages for ease 
of assembly, adjustment, and maintenance. 

e The decoupled rolling and steering motion characteristic 
is independent with the offset between the rolling and 
steering axis. As a result, the offset is free for adjustment 
in the design stage. 


II. OMNIDIRECTIONAL MOBILE PLATFORM BASED ON 
DECOUPLED PCW MODULES 


As each decoupled PCW module is able to produce two 
independent motions, i.e., steering and rolling motions, an 
omnidirectional mobile platform can be constructed with at 
least two PCW modules. Figure 7 shows an omni-directional 


mobile platform constructed with three identical PCW modules. 


A. Kinematic Modeling of the decoupled PCW 


In an omnidirectional mobile platform, a PCW module can 


be modeled as a 3-DOF serial kinematic chain (as shown in Fig. 


5), in which the rolling (p) and steering (@ ) joints are active, 
while the twisting (ø) joint is passive [6]. The differential 
kinematics of one PCW module is given by 


x = Jiġi (9) 
where x=[v w]'eR3*! represents the motion of the platform 
w.rt. the platform frame X;BY;; g,;=[6 pi il" 
represents the wheel's joint velocity vector, and J; is the 


Jacobian of wheel i (i = 1 ,..., n; n — number of PCW 
modules) , which is given as: 


hsin(B;) + bsin(fi — p:i) —rcos(fi—p:)  hsin(B;) 
Ji =|—hcos(B;) — bcos(B; — p:i) —rsin(B;— p:i) —hcos(B;) 
1 0 1 
(10) 


where r and b are the radius and offset of the PCW; h and $; 
are location parameters for steering axis of wheel i w.r.t. the 
platform frame XzB Yg; Q; is the steering angle of wheel i. 


It is not difficult to verify that the determinant of matrix J; 
is always a constant -br which implies that J; is always full 
rank. The invertability of J; also implies that the mobile 
platform is omnidirectional if at least two PCW modules are 
employed [11]. 


Figure 7: Kinematic diagram of an omnidirectional mobile 
platform based on decoupled PCW modules 


As shown in Fig. 7, the platform frame XzB Yz is defined as 
the frame attached to the center of the mobile platform and 
moves with the platform base. The location of the wheel with 
respect to the platform frame X,BY, is defined by vector h;, 
forming an angle £; with the X axis of the platform frame 
XgBYp. The contact point between the wheel i and the ground is 
defined as point C;and its position with respect to frame XB Yg 
is defined as Po; A wheel frame X¢;C;Yc; is defined with its 
origin at point C;, with axis Yc; defined along the translational 
motion of the wheel and the axis Xc; perpendicular to Yc; so 
that it results in axis Zc; pointing vertically upwards. Each 
PCW module is capable of producing steering and rolling 
motions. The steer angle for wheel i is defined as g; and the 
rolling angle as p;. The wheel has an offset of length b and 
radius r. 


The kinematics of the mobile platform can be derived by 
equating the velocities of the wheel-floor contact points C;as 
generated by the task space velocity at the center of the 
platform (x = [v w]") and those generated by the joint 
space velocities (q=[@; pi n n]? ). When 
expressed in the platform frame X,BYz, it is described by the 
following equation: 


V+ WX De; = b@iX¢c, + TPiYc; (11) 


where Xc, and yc, are the axis vectors of the wheel frame 
expressed with respect to the platform frame X,BY, and are 
given as 


ee) sin(B; = Yi) 

ra= | cos(fi — pi) l (12) 
_ [—cos(f; — 9) 

ad | aineen] ER 


Vector tc,is obtained by rotating Pc, by 90° keeping the 
same magnitude. The result of the cross product w X pç, is 
simplified as wt:,where w is the scalar value of the rotation of 
the platform around the vertical z axis. Therefore, Eq. (11) can 
be rearranged into 


l tel [2] = bra rya] aw 


For convenience, Eq. (12) can be expressed with respect to 
wheel frame Xc;C;Yc; to reveal the individual contribution of 
the steering and rolling motions of wheel i. This is done by 
pre-multiplying both sides of the equation with rotation matrix 
Rpg = [¥ci Yc;]". The resulting equation of motion for the 
mobile platform, taking into account all the available joints, is 
expressed as 


Ax = BG (15) 
where 
Xe, Xc,le; 
Vo; Ycitci 
A=| i: (16) 
Xen Xen bey 
Yen Ycntcn 
b, 0 0 0 
0m = 00 
B=|: 0% 0 0 (17) 
00°: by, 0 
00 0 h 


The odd and even rows in Eqs. (16) and (17) describe the 
relationship of the velocities at the center of the platform with 
the velocities generated by the steering joint œ; and the rolling 
joint p; of wheel i, respectively. 


B. Trajectory Planning 


Trajectory planning is very critical to achieve smooth 
motion control for an omnidirectional mobile platform. There 
are various techniques to plan a smooth trajectory and the 
polynomial based method is the most popular one. 


Due to the agile motion capability of omnidirectional 
mobile platforms, the dynamics effect is very significant for 
the motion control of omnidirectional mobile platforms with 
steerable wheels such as PCW modules Therefore, it is 
important to use high order polynomials for the trajectory 


planning such that the position, velocity and acceleration and 
even jerk set-points are all smooth. Moreover, the order of the 
polynomial should be high enough so that users can specify 
sufficient boundary conditions to improve the smoothness of 
the desired motion. However, too high order polynomial 
trajectory will introduce multiple acceleration and deceleration 
phases between every two via-points which reduce the motion 
efficiency. 


Based on the analysis, the quintic polynomial (polynomial 
of degree 5) based trajectory planning method has been adopt 
to generate smooth motion set-points. The benefits of quintic 
polynomial are as follows: the motion set-points for position, 
velocity, acceleration and jerk are all smooth; end users are 
free to specify boundary conditions for positions, velocities 
and accelerations; there is only one deceleration phase 
between every two via-points. As an example, the position, 
velocity and acceleration trajectories of a straight line motion 
in the XY plane based on quintic polynomial are shown in Fig. 
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Figure 8: Quintic polynomial based trajectory planning 


C. Dual Loop Velocity Control 


Unlike fixed base robot manipulators where the position 
control is dominantly adopted for their motion control, 
velocity control is more suitable for mobile platform motion 
control because the absolute position of the platform is 
obtained through odometry, i.e. integration of the platform 
velocity. In order to implement velocity control, differential 
kinematic model is required. Based on Eq. (15), the inverse 
differential kinematics of the mobile platform is given as 


ġ = B Ax (18) 


It is obvious that square matrix B is always invertable and 
thus the inverse differential kinematics is always unique. 
Similarly, the forward differential kinematics is obtained by 
inverting the matrix A in Eq. (15). However, matrix A is non- 
square and thus its general inverse is often given as the left 
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pseudo-inverse denoted Ayp;, According to the definition, left 
pseudo-inverse of a non-square matrix is represented as 


Arpi = (ATA)“1AT (19) 
Hence, the forward differential kinematics is formulated as 
x = A, pi Bq (20) 


In order to improve the robustness of the motion control, it 
is proposed to adopt the dual loop velocity control structure 
for the mobile platform with the decoupled PCW. The 
proposed dual loop control structure will close the control 
loop in both the Cartesian space and joint space of the mobile 
platform as shown in Figure 9. It can be shown that the outer 
loop is the Cartesian space velocity control while the inner 
loop is the joint space velocity control. The forward 
differential kinematics is utilized in the outer Cartesian space 
velocity loop to obtain the actual Cartesian space velocity 
Xact- The inverse differential kinematics is used in the inner 
joint space velocity control to compute the desired joint 
velocity set-points qges. 


It is noticed that in both the outer and inner velocity 
control loops, PI control is employed instead of PID control 
which is standard in most controller design. The reason is that 
only encoders are used in most actuator servo control, joint 
velocities are obtained by computing the back-differences of 
the joint angles. Therefore, to implement differential control 
using velocity computed by back-difference is not effective. 


Ke, 4 Xe i yaa) T act 


Figure 9: Dual loop velocity control block diagram 


The PI control of both the inner and outer loops are given by 


žc = K; (“aes = Xact) + Kp (Xges — Xact) (21) 
L = K;(qaes — qact) + Kp (aes — act ) (22) 


where the outputs of both control loops are the commanded 
Cartesian space velocity vector X¢ and the joint torque vector 
I’, respectively. 


To demonstrate the effectiveness of the decoupled PCW 
design, an omnidirectional mobile platform has been developed, 
as shown in Fig. 10. With three decoupled PCW modules, the 
mobile platform is able to achieve omnidirectional motions 
such as zero-radius steering, side-way motions, and spiral 
motions. The actual motion control performance of the 
prototype will be investigated in the future. 


IV. CONCLUSION AND FUTURE WORK 


The decoupled PCW module presents many merits for 
constructing omnidirectional mobile platforms such as 
simplified control scheme, reduced the slip and slid motions, 
high driving efficiency, and simple wiring scheme. It is 
expected that the proposed decoupled PCW will have a wide 
adoption by the industry to develop omnidirectional mobile 
platforms for various in-door applications. Future works will 
be focused on the implementation of the proposed trajectory 
planning and motion control algorithms. 


Figure 10: An omnidirectional mobile platform prototype 
with three decoupled PCW 
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